Abstract. Thixoforming or Semi-Solid Metal (SSM) forming is a manufacturing route that relies on a non-dendritic microstructure, a structure that is retained after processing resulting in components of fine and uniform microstructures with enhanced mechanical properties as compared to conventional cast products.
Introduction
The 2XX alloy series contain copper as the major alloying element and are high strength alloys that retain their strength even at elevated temperatures. Aluminium alloy A201 is an aluminium-copper casting alloy and the composition by %weight is 4.5% Cu, 0.15% Ag, 0.35% Mn, 0.32% Mg and traces of titanium. It is being used in the aerospace and automotive industries because of its high strength to weight ratio, improved fatigue life, improved properties at elevated temperatures, good formability and excellent machinability. However, the difficulty arises in casting because of its poor fluidity, proneness to micro-shrinkage, cracking and hot tearing. However, recent research at Sheffield has shown that some of these drawbacks might be overcome by altering the microstructure through semi-solid metal forming processing routes that produce metal slurries with non-dendritic microstructures [1] . Alloying elements affect the density of aluminium and the density of A201 alloy is 2.80 g/cc. The modulus of elasticity is raised by the alloying elements and is 71.0 GPa at room temperature in tension and 2% higher in compression. Changes in temperature affect the modulus of elasticity and it changes from 76 -78 GPa at 70°K to 60 GPa at 500°K. The Poisson ratio for this particular alloy is 0.330 and increases with increasing temperature. At cyclic loadings of the order 10 5 to 10 7 and in T7 condition, the fatigue strength was found to be 100 -180 MPa.
The mechanical properties are better when the grain boundary particles are dissolved and the Cu content in the matrix is increased. Thus, the value of Ultimate Tensile Strength (UTS) of the standard as cast A201 casting alloy in T6 condition is 485 MPa with 7% elongation; Brinell hardness at 500 kg load is 135; Charpy impact test value with V-notch is 10 J; Impact resistance increases with increasing temperature; Shear strength is 290 MPa and shear modulus is 23 GPa for this alloy, retained even at elevated temperatures.
Copper in A201 affects the thermal conductivity and is approximately 70% of that of pure aluminium at room temperature; at 25°C the thermal conductivity is 121W/m-K and the specific heat capacity is 0.963J/g-°C. There is a linear decrease in in thermal expansion to the value of CuAl 2 ; the heat of fusion is 389 J/g and the temperature at which the alloy begins to melt (Solidus temperature) is 571°C and the Liquidus temperature is 649°C. Alloy development experiments carried out at the University of Sheffield on A201 alloy have shown that the alloy behaves well under thixotropic conditions and develops high mechanical properties after appropriate heat treatment. The experiments were performed on feedstock obtained by the cooling slope method. A201 alloy billets were thixoformed in the semi-solid state and the resulting products were heat treated with a T7 followed by T6 heat treatment before being mechanically tested. In T6 heat treatment billets are solution treated for 2h at 513°C and for 17h at 527°C followed by water quenching and then ageing for 20h at 153°C. The T7 heat treatment was followed which differs from T6 only in the ageing treatment of 5h at 190°C. Such results have been published [2, 3] showing UTS of 490 MPa with 11% elongation, which is a great improvement on the as cast elongation of 7%.
Fatigue tests were also carried out on polished thixoformed A201 specimens, with promising results [4] , at cyclic loadings of the order 10 5 to 10 7 and in T7 condition, the fatigue strength was found to be 100 -180 MPa [5, 6] .
Experimental Methodology

Material
Experiments were performed on A201 aluminium alloy, produced by MHD-casting, SIMA, and SSR+CS process. In this work, the microstructural development in the semi-solid range of A201 alloys produced by the two routes is compared, through a combination of variable time and temperature conditions. The chemical composition of the alloy used in this study is shown in Table 1 . The MHD-cast A201 sample was provided by SAG (Salzburger Aluminium AG) Austria, in the form an extruded 78mm diameter rod. The raw material for the SIMA process was provided by The Technical University of Mondragon in Spain, in the form of a rectangular block of 720 mm length, 70 mm height and 90 mm width. For the raw material used in the SIMA and the SSR+CS routes, samples of this A201 alloy were cast at Sheffield using the Semi Solid Rheocasting (SSR) route, where the melt is stirred for 20 seconds before casting via a Cooling Slope (CS).
Fraction Liquid Estimation
The thixoforming process depends among other things on the volume fraction of liquid in semi-solid state as a function of temperature. The experimental work started with the liquid fraction estimation of A201 alloy. The liquid fraction and temperature was determined by Differential Scanning Calorimetry (DSC) and thermodynamic simulations [7] and the temperature range for the thixoforming process, within the 40-60% fraction liquid, was found to be between 625ºC to 637ºC.
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Specimen preparation
The SIMA process relies on strain induced spheroidisation of the grains activated by melting along the garin boundaries when in the semi-solid state, therefore A201 alloy plate was cast via the SSR + CS route. Small quantities of the A201 alloy were heated to 755°C in an electric furnace and then stirred for stirred for 20 seconds when the temperature reached 690°C, before pouring into metallic moulds. The cast blocks were then rolled from an original thickness of 6.7mm to 4.8mm, followed by a second pass to a thickness of 2.95mm at 250°C.
Effect of Temperature and Holding Time
In order to investigate the microstructural changes at various holding times and temperatures within the semi-solid range, the various samples derived from the different routes were heated and isothermally held for preset time intervals of 1, 3 and 5 minutes at 620°C, 625°C, 630°C, and 635°C, respectively. After holding for the specified time at temperature, the samples were quickly quenched in cold water.
All samples were prepared by standard metallographic procedures for optical microscopy after being etched in 20% NaOH aqueous solution. This was done by heating the 200 ml H 2 O up to 70°C and adding 40gms of NaOH pellets. The solution was then cooled to room temperature. The samples were immersed in the solution for 45 seconds and then washed with water and isopropanol. The etched samples of the A201 alloy were studied under a Nikon Microscope and the micrographs were captured using a JVC KK-F55B CCD camera driven by Buehler OmniMet® 9.5 software. Images of the grain structures were captured at low and high magnifications. The average area (A) and perimeter (P) of the grains was calculated by the software available on the microscopes by tracing the grain boundaries. The fraction liquid measurements were also made using the same software and the grain size measurements were made by the Linear Intercept Method based on ASTM standard,
Grain size measurements
Shape factor is used to characterize the microstructures of SSM and to represent the quantitative shape of grains. The shape factor (SF) is defined as, where, P is the average grain perimeter and A is the average gain area.
In semisolid forming the best mechanical properties are exhibited by small grain size, shape factors above 0.6-0.7 and homogeneous globular size of the primary phase.
All samples were compared for liquid fractions and changes in microstructure; average grain size and shape factors are also compared. Figure 1 shows the microstructure of the as received MHD, SIMA and SSR + CS samples. The MHD sample consists of a fine dendritic structure, the as received SIMA & SSR +CS material (same starting material) shows refined equiaxed rosettes. All samples tended towards attaining the near spheroidal microstructure aimed for and necessary for thixoforming. With increasing temperature and holding time in the semi-solid range of this alloy, the unrecrystallized grains have transformed into near-globular grains through a combination of recrystallization and partial melting, with the liquid formed 'cutting' through favourable low angle grains. The micrographs obtained from MHD, SIMA and SSR+CS routes (Figures, 2, 3 , and 4) are compared for potential thixoforming applications. Parameters such as cost, feasibility of raw material and production route, quality of the finished product and time of production are evaluated.
Results
The results show that SIMA alloys (Figure 3) , exhibit a more uniform microstructure compared to MHD alloys. MHD samples require longer holding time to reach the degree of spheroidization of SIMA alloys. The shape of MHD alloys show a larger variation than SIMA alloys especially at higher temperatures. The shape changed from dendritic to rosette to spheroidal for MHD. It is evident that there is more liquid in the SIMA samples at higher temperatures compared to MHD samples but at low temperatures MHD samples exhibit more % liquid fraction than SIMA samples. It is also clear that MHD samples have larger grains than SIMA samples. At 620°C and holding time of 1 minute, the original fine dendritic microstructure could still be observed. The grains slowly grow with longer holding times but at this temperature minimal quantities of liquid can be found at the grain boundaries. For a holding time of 3 minutes the dendrites start breaking up and partial melting and recrystallization is observed. Micrographs at 625°C and holding time of 1 minute shows fine dendrites surrounded by a liquid phase. On increasing the holding time to 3 and 5 minutes most of the grains change their form through recrystallization and partial melting, however few elongated grains still remain; probably due to their unfavourable high angle grain boundaries.
At higher temperatures and shorter holding times the grains recrystallize and through partial melting form the microstructures that might be appropriate for semisolid applications. At 630°C the liquid fraction increases at a holding time of 1 minute compared to 625°C and at higher holding times the grains become more spheroidal in shape. At 635°C, significant liquid fraction increase can be observed between fine spheroidal grains and with increasing isothermal holding small liquid pools can also found within the grains. As it can be seen from Figure 4 , the roundness of the solid particles via the SSR+CS route is not as good as the other two processes, nevertheless they are still adequate for thixoforming processing as they tend to be above 0.6 shape factor. There also seems to be more liquid fraction than the case with the other two processes, both around the grains and also trapped inside the grains. Comparing the SSR+CS with the results from the SIMA process, as they started with the same feedstock material, it is clear that the extra step of deformation has had a substantial impact in the microstructural development of a finer and rounder microstructure,that would be more appropriate for thixoforming. Of course an additional step in the feedstock preparation would incur an additional cost and that has to be taken into account in the choice of feedstock preparation route.. It was also observed that the shape factor increases steadily indicating the change in grain shape from rosette to more spherical. The shape factor is 0.52 at 620°C for a holding time of 1 min. This means that the grains are rosette and with increase in temperature drastic change in the shape factor can be observed. It was also observed that at 3 minutes the shape factor varies more when the temperature increases from 625°C to 630°C and less from 630°C to 635°C. When the samples are isothermally held for 5 minutes there is very little variation in the shape factor across the temperature range used. Figure 5 , shows the variation of grain size with time and temperature. It is expected that the grain size increases with increase in temperature and holding time. However, it may be noted that the entrapped liquid and other intermetallic phases may lead to a smaller grain size being measured than what the actual grain size is. The average grain size after isothermal holding time of 5 minutes and at 635°C was measured to be 49 µm. Figure 6 . Shows an example of the effect of holding time on microstructure of A201 alloy produced using the MHD process.
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Semi-Solid of Alloys and Composites XV Figure 6 . A201 alloy using MHD at 635°C held for 1(top left), 3 (top right), and 5 (bottom) minutes
The micrographs of the SIMA samples (Figure 3 ), show almost perfectly equiaxed grains in the semisolid temperature range uniformly distributed in the liquid phase.
At 620°C and holding time of 1 minute the elongated grains of the hot rolled alloy show grains of rosettes shape. With increasing holding time the grains show partial recrystallization but remain interconnected with low levels of liquid around the grain boundaries.
At 625°C and holding time of 1 minute, the elongated grains are completely broken down and the liquid forms a thin film at the grain boundaries. With increasing holding time the grains begin to separate and have more liquid surrounding the grains.
At 630°C, small pools of liquid similar in size to the grains can be seen non-uniformly distributed. At longer holding times, the grains spheroidize and have more liquid around the grain boundaries.
At 635°C and with increasing holding time, the grains recrystallize and become larger and almost spherical due to liquid penetration of low angle grain boundaries. The grains are dispersed uniformly within the liquid and smaller liquid pools can also be seen entrapped within the grains.
The variation of microstructural parameters with time and temperature can be seen in Figure 5 . It can be observed that the liquid fraction grows steadily as expected with increasing temperature. The grain size measurements show a slight drop; this may be because as stated above that liquid penetration of larger grains along favourable oriented grain boundaries will result in smaller grain size being detected. The increasing liquid fraction may also restrict the grain growth. The shape factor measurements show similar variations for temperatures 625°C, 630°C and 635°C. The discrepancy in the values of 620°C may be due to the improper selection of grains for average area and perimeter calculations. At higher temperatures the grains appear to implode as the dihedral angle between grains edges reduce resulting in small pools of liquid to be entrapped inside the grain boundaries. Hence, the average area of the grains increases and the average perimeter decreases resulting in an increase in the shape factor. The liquid at higher temperatures and longer dwell times is allowed to fully surround the grains, as well as penetrate high angle grain boundaries, therefore breaking down larger grains into more and smaller ones, reducing the average perimeter and thus 500µm 500µm 500µm
Solid State Phenomena Vol. 285 309 increasing the shape factor. The shape factor is 0.87 at 635°C for a holding time of 5 minutes indicating that the material in this form is thixoformable; the shape factor variation with time and temperature is also shown in Figure 5 .
Conclusions
 The thixoforming temperature range for A201 alloy obtained from DSC and thermodynamic tests ranged from 625°C to 637°C for a the liquid fraction of 40-60%.  Heat treatments of specimens made from the different routes were heated to their semi-solid range and kept at temperature for different time periods in order to establish the development of non-dendritic microstructure. All alloys responded positively to the treatment but with various degrees of success.  In general grain size increases with increasing temperature and holding times.  Shape factor, or the amount of spheroidicity of the grains increases with temperature and with dwell time at temperature within the semi-solid range.  On comparing the routes it can be concluded that the A201 alloy produced by the SIMA process shows better microstructural characteristics than either the MHD or the SSR+CS processes. The MHD process can be used to produce large quantities of alloy with thixoformable microstructure that is uniform and repeatable, therefore resulting in thixoformed products that have consistent properties. However, by its nature it is a costly process. The SIMA process is cheaper but more difficult to produce large quantities of consistent thixoformable material, whilst the SSR+CS route appears to produce an intermediate microstructure that is amenable to thixoforming but would probably deliver no as good properties as the other routes, as a result of this microstructure, but still better than traditional casting routes. Hence, if repeatability and consistency of mechanical properties of the final product is very important in an application, then MHD would appear to be a better but costlier feedstock production route. If the application can cope with slight variations in properties, then the SIMA route offers a good cost effective alternative, followed by the SSR+CS route.
